Malassezia globosa is a common pathogenic fungus that causes skin diseases including dandruff and seborrheic dermatitis in humans. Analysis of its genome identified a gene (MGL_1677) coding for a putative NADPH-P450 reductase (NPR) to support the fungal cytochrome P450 enzymes. The heterologously expressed recombinant M. globosa NPR protein was purified, and its functional features were characterized. The purified protein generated a single band on SDS-PAGE at 80.74 kDa and had an absorption maximum at 452 nm, indicating its possible function as an oxidized flavin cofactor. It evidenced NADPH-dependent reducing activity for cytochrome c or nitroblue tetrazolium. Human P450 1A2 and 2A6 were able to successfully catalyze the O-deethylation of 7-ethoxyresorufin and the 7-hydroxylation of coumarin, respectively, with the support of the purified NPR. These results demonstrate that purified NPR is an orthologous reductase protein that supports cytochrome P450 enzymes in M. globosa.
Malassezia species are well-known yeasts that are regarded as part of the normal flora of human skin and are commonly found in 75~98% of healthy adults [7] . These yeasts are the cause of common skin diseases including dandruff, pityriasis versicolor, seborrheic dermatitis, psoriasis, and atopic dermatitis in humans [1, 5, 7, 20] . In particular, M. globosa and M. restricta are regarded as the predominant species in patients with dandruff or seborrheic dermatitis [2, 14] . The genome project study of M. globosa CBS 7966 was recently completed, and the results demonstrated that its genome contains genes that code for four putative cytochrome P450 (P450, CYP) enzymes and a NADPH-P450 reductase (NPR), which transfer electrons to cytochrome P450 enzymes [19] . We recently purified and characterized the first cytochrome P450, CYP51 from M. globosa and provided a fundamental basis for the treatment of antifungal azole agents for M. globosainduced dandruff [9] .
P450 enzymes are generally divided into two major classes (class I and class II) according to the different types of electron transfer system they employ [16] . P450 enzymes from Malassezia species belong to class II, and are supported by a diflavin reductase [9] . Fungal NPRs are generally diflavin proteins that contain FAD and FMN as cofactors, and a single NPR in yeast delivers the electrons to all fungal P450 or heme oxygenase enzymes [16] . Previously, we successfully generated Candida albicans NPR to support the cytochrome P450-catalyzed oxidation reaction [17] . Lamb et al. [12] demonstrated that an Nterminal truncated NPR from Saccharomyces cerevisiae had been successfully generated and characterized in terms of the functional properties of a yeast reductase.
We have successfully cloned, overexpressed, and purified for the first time an NADPH-P450 reductase from the dandruff-causing M. globosa and characterized this protein. Purified NPR is an orthologous reductase protein to support cytochrome P450 enzymes in M. globosa, including CYP51 lanosterol 14a-demethylase. CYP51 is considered as the main target enzyme of azole antifungal agents in the treatment of Malassezia-induced dandruff.
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In this study, the functions of NPR associated with cytochrome P450 enzymes were studied in the context of Malassezia-related skin diseases. 
MATERIALS AND METHODS

Materials
Construction of Expression Plasmids
The general approach has been described previously [6, 8, 11] . The genomic DNAs from M. globosa strain were obtained using a previously described procedure [13] . The open reading frame (MGL_1677) for M. globosa NPR was amplified with forward and reverse primers (5'-cgaatCATATGgctgggattaccctttg-'3, 5'-attattTCTAGA ccggaagcttttaGTGATGGTGATGGTGATGcgaccatacatccag-'3), with an added 6×His-C-terminal tag, using PCR. The amplified PCR fragment was cloned into the pCW(Ori + ) vector using the NdeI and XbaI restriction sites. The cloned vectors (pCW/MgNPR) were verified by nucleotide sequencing analysis and restriction digestion.
Expression and Purification
The expression and purification of the M. globosa NPR enzyme were carried out as previously described [17] . In brief, the E. coli DH5α strains (including pGroEL/ES) transformed with pCW/MgNPR vectors were inoculated into LB medium containing 50 µg/ml of ampicillin and 20 µg/ml of kanamycin. After an overnight incubation at 37 o C, the starter culture was seeded into TB expression medium. The expression culture was grown for 4 h at 37 o C and then for 24 h at 28 o C with shaking at 200 rpm after the addition of 1 mg/ml arabinose, 0.5 µg/ml riboflavin, and 1.0 mM IPTG. Bacterial inner membrane fractions containing NPR from M. globosa were isolated and prepared from TB cultures as previously described [17] . The NPR enzyme was purified with a Ni 2 + -nitrilotriacetate column as previously described [10] . In brief, the membranes were solubilized overnight at 4 o C in 100 mM potassium phosphate buffer (pH 7.4) containing 1.0% CHAPS (w/v). The solubilized fraction was then loaded onto a Ni 2 + -nitrilotriacetate column, and the purified protein was acquired using an elution buffer containing 300 mM imidazole. The eluted fraction containing NPR was subsequently dialyzed at 4 o C against 10 mM potassium phosphate buffer (pH 7.4) containing 10% glycerol (w/v) and 0.1 mM EDTA.
Reduction Activity Assays
The reduction activity of the purified M. globosa NPR protein was analyzed via cytochrome c and nitroblue tetrazolium (NBT) assays with some modifications [4, 6, 17] . The increase in absorbance at 550 nm or at 535 nm was determined after the addition of NADPH for the reduction of cytochrome c and NBT. Calculation of specific activity for cytochrome c reduction assumed an absorption coefficient of 21 mM
Cytochrome P450 Oxidation Reactions Coumarin 7-hydroxylation and 7-ethoxyresorufin O-deethylation activities were determined using human P450 2A6 and 1A2 and purified M. globosa NPR in phospholipid reconstituted systems [3, 8] . The reaction mixture included 100 pmol of purified P450 enzyme, 200 pmol of M. globosa NPR, and DLPC (60 ng/µl) in 0.50 ml of 100 mM potassium phosphate buffer (pH 7.4), along with a specified amount of coumarin or 7-ethoxyresorufin. An NADPHgenerating system [3] was employed in order to initiate the reactions. Incubations were conducted for 10 min at 37 o C. The reaction was terminated and the products were extracted via the addition of 1 ml of CH 2 Cl 2 or cold methanol. After centrifugation, the fluorescence changes were measured using a multiple microplate reader (VICTOR3, PerkinElmer).
NADPH Oxidation
NADPH oxidation rates were determined using P450 enzymes/M. globosa NPR/ phospholipid reconstituted systems [10] . Reconstituted enzymes were preincubated for 5 min at 37 o C in the presence or absence of substrates. Reactions were initiated via the addition of 10 µl of 10 mM NADPH, and the reduction of A 
RESULTS
Sequence Alignment
The multiple amino acid sequence alignment of M. globosa NPR with the NPRs of other species revealed high sequence similarities with scores above 86 (Fig. 1) [15] ; the T-coffee alignment scores to C. albicans, S. cerevisiae, rat, and human NPR were 90, 89, 88, and 86, respectively. The three domains that bind cofactors (FMN-, FAD-, and NADPH-binding domains) were very well-conserved (Fig. 1) . High scores in the sequence alignments of M. globosa NPR strongly indicate that the common features of eukaryotic diflavin NPRs are retained faithfully in M. globosa NPR, at least with regard to its enzymatic mechanisms and structures.
Expression and Purification
After separation by ultracentrifugation, most of the NPR was found to be located in the membrane fraction. Zwitterionic detergent (CHAPS) successfully solubilized the NPR protein in the membrane fraction. The purified NPR protein from the Ni-column yielded the expected single band on SDS-PAGE at 80.74 kDa, with the open reading frame (Fig. 2A) . Protein sequencing analysis of purified protein using mass spectrometry indicated that purified protein was identified as expected for M. globosa NPR (Fig. S1 ).
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Spectral Properties of M. globosa NPR The absolute spectrum of purified NPR demonstrated that the absorption maximum for the oxidized enzyme is located at 452 nm. The concentration of purified NPR was approximately 278 nmol of NPR protein per liter of culture (the absorbance at 452 nm divided by 0.0236 is regarded as the concentration of reductase in nmoles per milliliter) [4] . The reduction state of purified NPR was examined by the addition of NADPH. Absorption spectra were altered by changes in their reduction states (Fig. 2B) . This result indicates that the absorption changes at 452 nm may be attributable to a feature of flavin.
Reduction Activity of M. globosa NPR The reduction activity of the purified enzyme was analyzed using cytochrome c and nitroblue tetrazolium. Reduction activities in purified protein were clearly observed in the purified protein, but no changes in the control cells excluding NPR protein were noted in either of the assays (Fig. 3) . The calculated cytochrome c reduction activity of the purified protein was approximately 654 nmol of reduced cytochrome c/min/nmol of purified enzyme [18] . This result demonstrates that the M. globosa NPR has a cytochrome c reduction ability comparable to that of rat NPR (3,000 nmol/min/nmol) [4] . Additionally, the purified The amino acid sequences were aligned using the T-Coffee software (http://www.tcoffee.org). The residues corresponding to the putative FMN-, FAD-, and NADPH-binding domains are shown in bold with boxes. The alignment scores of M. globosa NPR to C. albicans, rat, human, and S. cerevisiae NPRs were 90, 88, 86, and 89 respectively. (*) indicates the conserved Tyr residues in the FMN-binding domains.
M. globosa NPR evidenced very rapid reduction activity in the NBT assay (322 nmol reduced NBT/min/nmol protein). The results of these reduction analyses confirm the clear functional reductase activity of the heterologously expressed recombinant protein.
P450 Catalytic Activities Supported by M. globosa NPR P450 2A6 and 1A2 activities for coumarin 7-hydroxylation and 7-ethoxyresorufin O-deethylation reactions supported by M. globosa NPR were analyzed by measuring fluorescence production. Both reconstitution systems successfully catalyzed the 7-hydroxylation of coumarin or the O-deethylation reaction of 7-ethoxyresorufin (Fig. 4) . Analysis of data with the Michaelis-Menten equation yielded k cat values of 3.9 and 2.3 pmol product/min/pmol P450, which were lower than the reactions supported by rat reductase [10] . These results indicate that M. globosa The inset shows an SDS-PAGE gel of the purified NPR protein. NPR may serve as an effective substitute for mammalian NADPH-P450 reductase, albeit with lower activity.
NADPH Oxidation by M. globosa NPR Rat NPR consumed NADPH at a high rate to reduce the P450 enzyme in the presence of substrate (Table 1) . Similarly, M. globosa NPR showed a high rate of NADPH oxidation only in the presence of substrate, but the rate of NADPH oxidation in the absence of substrate was quite slow (Table 1 ). This result demonstrates that the M. globosa NPR performs a relevant function in the delivery of electrons from NADPH to electron acceptors, including the P450 enzymes.
DISCUSSION
In this study, the physiological flavoprotein of M. globosa was purified and its functional roles as a potential redox partner for M. globosa cytochrome P450 enzymes were evaluated. Previously, we characterized the first P450 enzyme (CYP51) from M. globosa, which requires NADPH-P450 reductase for its activity [9] . Purified M. globosa CYP51 exhibited a typical P450 enzyme in the low spin state with a major Soret band at 418 nm and the α-and β-bands at 568 and 536 nm, respectively. The tight binding of this enzyme to antifungal azole agents showed it to be an orthologous target for the azole agents in the M. globosa pathogen [9] . The analysis of the lanosterol demethylation activity of CYP51 using purified M. globosa NPR is currently being investigated. NADPH-P450 reductase enzymes are conserved throughout many fungal species containing cytochrome P450 enzymes or heme oxygenase. The NCP1 gene product was identified as a functional NADPH-P450 reductase protein that supports cytochrome P450 or heme oxygenase enzymes in C. albicans [17] . The sequence alignment to C. albicans or S. cerevisiae NPRs demonstrated that M. globosa NPR appears to possess the same membrane anchoring region at its N-terminal region (Fig. 1) thus the truncation of this region produced the soluble form of M. globosa NPR (data not shown). The N-terminal modification of fungal NPR enzymes could facilitate the study of the relevant structurefunction relationships via crystallographic analyses of fungal NPRs.
In conclusion, we have overexpressed, purified, and characterized a new fungal NADPH-P450 reductase. It should be noted that M. globosa NPR is functionally active in the delivery of electrons from NADPH to cytochrome P450 enzymes, and is similar to previously characterized fungal reductases. This enzymatic feature may provide a basis for future studies into its structure-function relationships. Additionally, the characterization of NPR from M. globosa is expected to provide some clues for the development of new treatments for patients suffering from skin diseases caused by Malassezia species. 
